We have studied ferromagnetic Permalloy clusters obtained by electrodeposition on n-type silicon. Magnetization measurements reveal hysteresis loops almost independent on temperature and very similar in shape to those obtained in nanodisks with diameter bigger than 150nm. The spin configuration for the ground state, obtained by micromagnetic simulation, shows topological vortices with random chirality and polarization. This behaviour in the small diameter clusters ( 80nm), is attributed to the Dzyaloshinskii-Moriya interaction that arises in its hemispherical geometries. This magnetization behaviour can be utilized to explain the magnetoresistance measured with magnetic field in plane and out of sample plane.
To lower the magnetostatic energy, ferromagnetic materials are arranged generally in magnetic domains separated by domain walls (DW), which are delocated under external magnetic field in order to align the whole magnetization. In nanostructured ferromagnetic materials, the magnetization fundamental state is strongly dependent on the geometry and other energectic configurations are oftentimes more likely, e.g. nanodisks, which induce curvature of spin in plane with small delocation of spin from the border to the center, in order to keep the exchange interaction and cancel the dipolar energy. In the nanodisk center, the distance among spins becomes so small that the magnetization turns out of the plane and this behaviour makes the nanomagnet acts as a single giant spin [1] . When the disk thickness is much smaller then its diameter, the magnetization aligns as a single domain in plane [2] . Its behaviour is also important in nanostructured ellipsoidal monodomains, which are often applied in different colective geometries, in systems knowed as artificial spin ice, where interesting phenomena arise as emergent magnetic monopoles [3] . The circular monodomain nanomagnets have been investigated in different systems, e.g. vortex in nanodisks [2] , antidots samples [4] or skyrmions [5] that just differ from vortex with the spin in the borders turned out of the plane in direction opposite to the core polarization. Skyrmions frequently emerge in chiral materials under perpendicular external magnetic field with Dzyaloshinskii-Moriya (DM ) interaction [6, 7] , and without DM in systems with particular geometries [8] . The topological estability in these structures, point them as promissing in aplications such as magnetic memory storage or logic devices [9, 10] , with core and border polarization or chirallity changed by external excitation such as (AC) altenate current and magnetic field or spin polarized currents. In generall, these structures are fabricated by sofisticated techniques as Molecular Beam Epitaxy (MBE), e − beam nanolitography or Focused Ion Beam (FIB). In this work, we have utilized electrodeposition technique, which is less expensive, faster and more suitable in production lines than the techniques cited above, to fabricate large area of Permalloy (P y) nanoclusters on silicon surfaces. We propose that the curvature of the hemispherical clusters shape is responsible for the arisement of DM interaction which allows the emergence of topological vortex excitations in very small structures. The P y clusters were obtained through galvanostatic deposition directly on the surface of Si substrates. The substrates utilized were n-type (100) Si samples with size of 1 cm x 1 cm cut from wafers commercially available with resistivity in the range of 1-10 Ohm.cm. Electrical contacts to each substrate for the electrodeposition were made through GaIn back contact. An adhesive tape was used to mask off all the substrate except for a circular area of 0.5 cm 2 on which the deposition was desired. Prior to deposition the substrates were immersed in a 5% HF solution for 5 to 10s, in order to remove oxide from the surface. The potentials were measured against a saturated calomel electrode (SCE), and a P t foil counter electrode was placed directly opposite the working electrode (substrate). P y deposits on Si were prepared from an aqueous electrolyte containing 30 mM F eSO 4 , 700 mM N iSO 4 , 20 mM N iCl 2 , 16 mM saccharin, and 400 mM H 3 BO 3 , obtained from ref. [11] , resulting in composition close to the F eN i alloy (80 at.% Ni and 20 at.% Fe) for current densitie of 6.3 mA/cm 2 as determined previously [12] . The electrodeposited samples were characterized by Scanning Electron Microscopy with Field Emission (SEM − F EG) and Transmission Electron Microscopy (T EM ). The magnetization behaviour as a function of electrodeposition time was investigated by Su-perconducting Quantum Interference Device (SQU ID) and the magnetoresistive measurements (M R) were carried out using dc two-point probe method, where the two terminals were simple copper wires placed on top of laterally prepared GaIn ohmic contacts (2 x 4 mm) and 2 mm apart from each other, with magnetic field applied in plane and out of plane in configuration transversal to the measuring current. The same configurations of GaIn ohmic contacts were utilized in the current versus voltage (I − V ) measurements. In the begining of the electrodeposition process, F e and N i solvatedíons in the electrolyte receive electrons from the substrate becoming adatoms. The adatoms migrate on the surface untill finding a defect such as vacancies or kinks to nucleate. After the nucleation process, the clusters increase in size and the deposit evolves to compact thin film. Typical voltage transients were shown in Figure 1(a) for current densitie of 6.3 mA/cm 2 . Only samples with superimposing transients were considered for further measurements, in order to assure the required reproducibility of the properties under investigation. Here we are interested in samples composed by isolated clusters on the surface that can be found by monitoring the electric percolation, which can be followed by electrical conductivity measurements, realized in the set of samples obtained in different electrodeposition times. From the (I − V ) measurents, the time where the percolation occurs was found to be around 15s, so we focused our investigations in samples with lower deposition times. From the micrographs performed by SEM and T EM , presented in Figure 1 (b) and 1(c), it is possible to note isolated clusters on the surface after 12s of electrodeposition. Histeresys loops measured in the sample showed in Figure 1 for temperatures of 50K, 180K and 300K are shown in Figure 2 . The similarity of the histeresys measured in this work, with that observed in topological vortex states in nanodisks [2] , and its very low variation in the large temperature range investigated, are indications that each cluster bear a monodomain vortex exitation. In order to investigate the spin dynamics in the clusters under external magnetic field, micromagnetic simulation were performed based on Landau-Lifshitz-Gilbert equation,
where γ is the gyromagnetic ratio, M s the saturation magnetization and H ef f is the effective magnetic field, which is composed by external magnetic field, magnetocrystalline anisotropies, dipolar and exchange interactions. This equation is utilized to determine the minimum energy and the transitions between spin configurations. For the iterations, we have utilized the software Object Oriented MicroMagnetic Framework (OOM M F ) [13] , with parameters for P y as 8.6x10 5 A/m for saturation magnetization, 13x10 − 12J/m 3 for exchange constant and 0.5 for damping coeficient. The theoretical results were obtained in a model designed as hemispherical clusters of 80 nm diameter and 30 nm heigth, estimated from the experimental results. The separation of 80 nm among clusters in the model, was based on the average separation observed in the micrographs. In Figure 3I is presented the spin configuration obtained for the ground state in the simulated system and in Figures 3II-3VI the spin configuration under applied external magnetic field, with the vortex core been delocated to the borders untill been excluded, resulting in a saturated monodomain aligned with the external magnetic field. During the decrease in external field, the vortex is created again in a ciclic process. In Figure 4 are presented for comparison, the simulated histeresys curve and the experimental one obtained at 50K. It is possible to note a similarity in shape between the curves, besides the deviation of about 10% in absolute value of external field, which can be explained by the aproximations in the model and to the fact that OOMMF simulation is performed at zero temperature. In the inset, it is presented the spin configurations for the ground state of a system composed by 4 elements, from this result it is possible to conclude that the ground state of magnetization in clusters array have curled vortex topology, with random chirality and polarizations of core vortices. In order to investigate the vortex formation on hemispherical clusters, let us considerate that magnetic materials (ferromagnetic or even antiferromagnetic) in two spatial dimensions may support topological excitations such as skyrmions and vortices. Vortices arise in classical magnetic systems containing an easy-plane anisotropy, which makes the spins prefer to point along the XY -plane. For instance, easy-plane ferromagnets are described by the Hamiltonian,
where J > 0 is the exchange constant, 0 ≤ λ < 1 the easy-plane anisotropy and
) the classical spin vector at site i. Considering the most realistic discrete lattice case, and depending on the range of λ, such an easy-plane system supports two types of static vortices: the in-plane vortex (in which all spins are confined to the XY -plane [14] ) and the out-of-plane vortex (in which some spins around the vortex center can point perpendicularly to the XY -plane). Indeed, considering a critical value of λ, denoted by λ c , then for the range λ < λ c , the stable excitation is the in-plane vortex, while for λ > λ c , the out-of-plane vortex becomes stable [15] . The stability of these solutions has only been determined via computer simulations. The critical anisotropy λ c depends on the lattice geometry: for the square lattice, λ c = 0.72; similarly λ c = 0.86 for the hexagonal lattice and λ c = 0.62 for the triangular lattice [15] . Qualitatively, similar results can be obtained for 2D easy-plane antiferromagnetic systems. Broken mirror symmetry at surfaces/interfaces of magnetic nanostructures, induces chiral DM interactions which may strongly affect the magnetic properties of the system, for example allowing the possibility of vortex with a well defined sense of rotation (curl vortex with a chiral sense). When the manifold that supports the spins is a curve one, or when the spin remains in a curved manifold, the curvature results in two additional effective interactions, originated from the exchange interactions [16] , one is analogue to magnetic anisotropy and another to the DM interaction.
The equilibrium state of the magnetic hemispheres, can be understood as a competition between these effective curvature induced interactions. For example if the exchange energy density is wroten in function of curvilinear coordinates, the terms are the isotropic exchange energy, anisotropy energy that dependes on the geometry of the manifold, and the effective DM interaction. The last one can explain the vortex formation on a hemispherical cluster. When there is only exchange interaction (without DM interaction), the competition between the in-plane exchange energy, tending to extend the vortex core, and the uniaxial anisotropy, favouring its shrinking, determines the equilibrium size of the core. It may occupy the whole network being of any size, but in magnetic nanodisks, for example, where vortices are naturally the ground state of these systems and they can be directly observed by experimental techniques [17, 18] , the typical size of the vortex is down to 150 nm [8] . The DM interaction, extends sizes of the vortices with favourable rotation sense and compresses the vortices with opposite chirality [19] . The ratio between the DM constant interaction D 0 and the exchange interaction J, determines the size of the vortex, being the vortex stable in a range of values where the competition between the energy is favorable to the emergence of the vortex, minimizing the energy of the system. The greater the ratio D 0 /J, smaller the size of the vortex. The DM interaction induced by curvature, has a coupling constant D 0 that is a function of the geometry manifold where the spins reside. To a hemispherical one, D 0 can be splited in two parts, which are functions of 1/r and 1/r 3 , being r the radius of the hemisphere. Then to small values of r, more larger is the DM coupling and smaller are the size of the vortex. The experimental detection of this vortex, can be used to asses the curvature induced DM interaction and measure the strength of the induced DM coupling in this system. In Figure 5 are presented the magnetoresistive measurements performed in this work. Due to its magnetic behaviour, the clusters array presents isotropic magnetoresistance [20, 21] , similar to the Giant Magnetorestance (GMR) effect in ferromagnetic-nonmagnetic multilayers [22, 23] . The ferromagnetic configurations obtained with the monodomains aligned to the external magnetic field, in sample plane, and in the every core polarization aligned to the external magnetic field, applied out of the sample plane, provide lower resistive path to the spin polarized current which must flow throughout the silicon. The higher resistance close to the zero field, occurs due to the antiferromagnetic configuration of the curlind vortex states with opposite chirality and core polarizations, in order to diminish magnetostatic energy. In summary we have investigated the behaviour of magnetization in Py clusters electrodeposited on silicon. From the experimental histeresys and spin dynamics, realized by micromagnetic simulation, we have observed topological vortex configuration in the clusters ground state, which was attributed to the emergence of DM interactions in its hemispherical geometry. The vortex core alignment under out of plane external magnetic field or monodomains formation under in plane external magnetic field, enables the investigation of such systems in magnetoresistive devices. The authors are grateful to Daisy de Melo Gomes (in memoriam) for the TEM images. They also thank CAPES, CNPq, FAPESC and FAPEMIG (Brazilian agencies) for partial financial support.
